The discussion of carbon dioxide in its relation to biology, to the exclusion of other components of the system is a difficult, if not altogether impossible, task. We may, however, consider in a more or less general manner, certain processes in which C02 appears to be an important factor, and some of the phases of its action which have attracted particular attention. Many applications of C02 in the industries and in medicine could be enumerated. These applications, especially those in medicine and biology, have become possible only through an understanding of the fundamental biological processes in which C02 plays a role of prime importance. The study of such biological phenomena and the recognition of the function of C02 present a fascinating chapter in the development of biological science.
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Students of plant and animal physiology, as well as a large group of microbiologists, have contributed to the conception that certain physio-chemical reactions in which C02 plays a role are evidently common to all forms of living cells.
Although it had been observed'", as far back as I674, that a certain constituent of air now known as oxygen and responsible for ordinary combustion, is also essential in respiration, the products of respiration were not recognized until the latter part of the i8th and the beginning of the Igth century. The respiration phenomenon in plants and animals was studied simultaneously by the same investigators, and Priestley (I774), studying the effect of plants on air vitiated by mouse respiration, observed that this air became capable of supporting animal life when green plants were allowed to remain in it. This indicated a reverse process, namely a reduction of C02 by the plants. Scheele disputed the correctness of this claim. His experiments were, however, conducted in the absence of daylight. It remained for Ingen-Hausz (I799) to reconcile the views of these two men. He showed that oxygen was evolved and that the purification of the air took place only in the presence of light.
Since this process was directly concerned with plant production, the assertions of Priestley and Ingen-Hausz were subjected to practical tests by Arthur Young, a prolific English agricultural writer of his time (I784). In his criticism he stated that, "The effect of it [phlogiston] on leaves, in the experiment of Dr. Ingen-Hausz, seems rather to be an edulcoration of impure air for the purpose of making it salutory to human beings, than necessarily beneficial to the growth of the plants. The leaves of a plant may perform the office of lungs in the body of an animal, and inflammatory air may be as salutory to their inhalation as the dephlogisticated air is in the respiration of animals; but it no more follows (however likely it may otherwise be) that phlogiston is therefore their food, than that pure air is the food of man".
Ingen-Hausz had realized that it was not the heat which was responsible for the change, but light. Senebier (I783) had investigated the chemical changes involved in the conversion of C02 to oxygen. De Saussure (i804) introduced quantitative methods and established the quantitative relationships of the various reactions going on in the plant. He showed that the plants could unite the elements of H20 and C02, and that growth is dependent on the respiration, thus differentiating between the two processes-photosynthesis and respiration-in plants. He also showed that respiration was the source of all internal heat. Liebig verified these findings, but confused respiration and photosynthesis.
Based on these primary observations that the processes of photosynthesis and respiration transpire simultaneously in plants, further biochemical studies followed concerning the nature of the reactions evolved in the process. Butlerow (i86I) had made the observation that sugar is formed from formaldehyde in limewater, and, as a result of this observation, von Bayer advanced his formaldehyde assimilation hypothesis. This field is still holding the attention of experimenters in biochemistry. The chloroplast system of C02 decomposition, in which chemical reactions of diversified nature occur, depends mainly on light sensitization. The complexity of the reactions evolved has defied complete solution and we now have only a partial explanation of the phenomenon. Modifying the older photosynthetic conception, the enzymatic nature of the process has been suggested more recently. (Molisch I925; Bodnar, Roth and Bernauer I927)
The term "respiratory process" implying that process whereby 02 is supplied and the C02 arising in the tissues of the plant is carried away, is given somewhat different meanings by different authors. In plant physiology it includes chemical changes taking place in the oxidation process whereby the C02 is liberated in the cell; hence the term embraces both external and internal respiration. In animal physiology the term most commonly denotes the mechanism of gaseous exchange which supplies 02 and removes C02.
That a certain gaseous component of the air is essential for the maintenance of life was observed by Robert Hook in I667 and, again, by Johannes Mayow, in I674. The combustion product was not recognized, however, until Black (1775) showed that "fixed air" is quite different from common air. The true nature of the compound was described by Lavoisier, in I 774, and the phenomenon of animal respiration was studied by DeSaussure, in I794, in connection with plant respiration.
After the process of respiration was recognized, much experimental effort was expended to study the mechanism of the process, and to determine, in particular, which of the factors concerned is the controlling cause and which is the effect, and also to learn the exact nature of the reaction. Since, however, no simple explanation was possible, several theories concerning the control of the respiration developed. Many of the earlier experimenters considered the respiratory control to be due to an excess of C02 (Marshall Hall, Valintin, Traube); then the view veered to the want of oxygen; later more fully substantiated evidence was produced by Miescher ( I 885) in favor of C02, which was considered the respiratory hormone.
Much of the confusion was cleared up by the work of Haldane and Priestley (I905). Their experiments, probably the most frequently quoted, show that the C02 of the arterial blood affords adequate stimulus to the respiratory center and that breathing is so regulated as to maintain at a constant level the C02 pressure of alveolar air and, hence, the proper balance in the arterial blood. In other words: "the regulation of the rate of alveolar ventilation in breathing depends, under normal conditions, exclusively on the C02 pressure in the respiratory center". That C02 plays an integral part in the process is, consequently, not questioned. Controversies have, however, developed concerning the modus operandi. Winterstein,
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Hasselbalch and Lundsgaard, and others, on the one hand, hold the view that the H ion concentration is the controlling factor and that all physiological and pathological processes can be explained by the reaction theory. Lagueur and Verzar, Hooker, Wilson and Connett, and Scott indicate that, aside from H ion concentration, certain inherent properties of C02 are operative also. The latter group maintains that C02 differs so greatly from the other acids (especially in so far as its weakness as an acid and extreme ease of penetration into cells are concerned) as to have practically a specific action on the respiratory center.
To those not immediately concerned with the development of either of these views the controversy seems more apparent than real. Jacobs has suggested that after all the effects produced by H2CO3 may be due to the inner pH of the cell, such as he has observed in cells of Symphytum peregrinum. That this view is not acceptable is very clearly reiterated by Winterstein (I928), who still maintains the incompatibility of the two views, namely, "regulation of respiration by cH (H ion concentration)" and "regulation of respiration through C02 tension".
That neither of these theories is sufficient to explain the mechanism has been suggested by L. J. Henderson. Due to its peculiar aptitude and fitness, C02 or carbonic acid as a component of the physico-chemical system in the blood plays an important role in physiological acid-base equilibrium and other reactions. It should not be considered, however, as the only factor, but as an integral phase which varies as the other components vary to maintain an equilibrium in the system. Henderson suggests eight variables as the present minimum which enter into tne system in mammalian blood.
That there may be other functions aside from those mentioned above, in which C02 exercises a regulative influence, has been suggested by Y. Henderson. Studying acapnia as the cause of surgical shock, he observed that the C02 content of the blood influences the heart-rate, vascular tonus, peristalsis of the alimentary canal and mental condition. The reduction of C02 content of the blood results in extreme tachycardia, failure of many reflexes, and coma.
In the higher plants and animals the function of C02 has been investigated in greater detail than in the unicellular groups, although the observations here are no less fundamental, and furnish considerable direct evidence regarding the mechanism of C02 action in the cell. Jacobs (I920, I922) has made observations on the cells of paramecia, spirogyra, ameba, and eggs of arbacia concerning the influence of C02 on the consistency of protoplasm, and reports its apparent liquefaction and subsequent solidification due to C02. The same author has also observed that with paramecium the effects are apparently due to changes within the cell, thereby differing from the action of mineral acids which act from the periphery inward. As a further confirmation of this view, observations of Osterhaut (1925) with valonia cells, and those of Vles, Reiss and Velinger, and Reiss (I924-I925), with sea urchin eggs, could be cited. Carbon dioxide penetration was emphasized by some of the investigators, while others ascribe the H ion concentration of the cell interior to C02 in the cell.
In bacteriology, the influence of C02 has received attention in numerous investigations25 since the time of Pasteur. The experimental evidence shows that, while higher concentrations of C02 due to increase in H ion concentration are only slightly toxic to various organisms, the lower concentrations are beneficial in cultures of the so-called partial tension organisms, as, for example, the gonococcus, meningococcus, pneumococcus, and influenza bacillus. It has been further shown that the removal of C02 from the environment leads to inhibition of growth, and that this is true not only of bacteria, but of molds and of yeasts as well. A controversial period in the study of bacterial respiration followed the assertion, in i893, by Hesse8 that bacteria evidently consume oxygen and liberate C02, hence indicating a gas exchange similar to animals and plants. The results, while at first severely criticized21, were finally confirmed with numerous strains. That C02 appears as such in the process of respiration is probably not doubted at the present time, but this liberation of respiratory C02 is not synonymous with "gas production" by bacteria. Bacterium typhosum still serves as a type for so-called "anaerogenic" bacteria, yet the production of C02 is easily demonstrated in cultures by the use of appropriate methods. In the future, the conception of non-gas producers and of gas-producing organisms may become relative only, and may be less well defined than it has been in the past.
Aside from the deleterious effects of C02, there are other phases of greater biological interest and importance. In a closed system24, (stoppered culture tube), the H ion concentration of a culture tends to adjust itself to pH 6.8 -7.o. That such buffering action may to a certain extent become operative in an aerated system in which the air has been enriched with six to ten per cent of C02 has been shown by Plastridge and Rettger'7 in their studies of the production of diphtheria toxin. In their experiments, aside from this buffering action, there was evidence of a condition which prevented the destruction of toxin, once it had been formed. The mechanism may be intimately connected with physico-chemical (oxidation-reduction) changes similar to those observed in the preservation of alexin under C02 (Valley, i928)26.
Carbon dioxide has been shown to serve as a source of carbon for certain autotrophic bacteria, such as the nitrifiers28, and the sulphur oxidizing organisms30. In this respect, then, bacteria seem to possess the ability to utilize C02 in a way more or less similar to higher plants, but here, however, the function is not operative through a chlorophyll-bearing chloroplast system. This power has not been demonstrated for all groups of bacteria.
It is at once apparent that there are wide gaps in our knowledge concerning C02 action in various fields of biology. If we compare the amount of information regarding the influence of C02 in animals, in plants, and in microorganisms, it is evident that progress has not been uniform in all fields.
In animal physiology our knowledge is most complete, perhaps because of its recognized importance and on account of the relative ease with which gaseous exchange can be studied. But even here the results are studied from the standpoint of the organism as a whole; cell responses are still an unexplored field.
In the plant kingdom respiration and photosynthesis have been studied and considerable information has been gained concerning the significance of the processes, the energy relationships concerned in the reaction, the products formed, and the structures evolved, from the standpoint of the plant as a whole. The hypothetical series of reactions which evidently takes place has been deduced partly by inference and partly by direct experimentation.
In the group of unicellular plants and animals some direct evidence has been derived concerning the penetration of C02 into the cell, its apparent intracellular behavior, its effect on protoplasm, and the response of the cell to C02 treatment.
In bacteriology observations concerning respiration have been substantiated, and the utilization of C02 by certain groups of bacteria studied, the beneficial effect of C02 in partial tension cultures has been established, and, finally, it has been shown that there is a certain threshold requirement of C02 for all bacterial growth and development.
It may appear logical to apply deductions and conclusions arrived at in one group to phenomena or processes in another biological group, but no matter how feasible and useful such application of knowledge may appear, the gaps in the series should, after all, be filled by final experimentation.
